Curie-point pyrolysis-gas chromatography-mass spectrometry has been used to chem ically characterize fulvic acid, humic acid, hymatomelanic acid and polysaccharide fractions of a representative soil. A detailed study of all the pyrolysis products was made. By comparing the results of this study with previous pyrolysis data for lignins, degraded lignins. polysaccharides, proteins, etc., we have been able to obtain more detailed information aboul the chemical composition of the pyrolysis products from different soil organic matter fractions. It is shown that fulvic acid fractions consist mainly of polysaccharide and/or carbohydrates and polyphenols, that humic acid and humin fractions are complex mixtures of several biopolymers such as polysaccharides, partially degraded lignins, peptides and lipids and that the hymatomelanic acid fraction represents mainly lipid materials.
INTRODUCTION
Plant residues constitute an important organic component of soils. Living, dying and dead tissues representing wide varieties of chemical substances undergo biochemical and chemical degradation reactions. The compounds produced in this way, the so-called humic substances, are very complex in nature and are thought to be more stable than the starting materials.
The classical method of fractionation of humic substances is based on their solubility in alkalis and acids. The major fractions thus obtained are humic acid, fulvic acid and humin. A further fractionation of humic acid into hymatomelanic acid, an ethanol-soluble fraction, is sometimes per formed. In addition to humic substances, polysaccharides are quantitatively important compounds present in soil organic matter [1] .
Numerous investigations have been undertaken to characterize the chem ical structure of soil organic matter fractions by means of chemical degrada tion techniques [2] , More recently, pyrolysis-mass spectromelric studies of different humic fractions and related materials (e.g. fungal melanins, lignins, polysaccharides) have been reported. This analytical approach is used as a fingerprinting technique and clearly shows similarities and differences be tween different fractions present in soils [1, [3] [4] [5] .
However, to obtain an insight into the structural composition of the organic matter more firm identifications of the pyrolysis products, which reflect structural moieties present within the polymeric matrix, are required.
In this study we used Curie-point pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) to identify the pyrolysis products of the polysaccharide, fulvic acids, humic acid and humin and also the hymatomelanic acid fraction of a representative soil. By comparing the results of this study with those of previous Py-GC-MS studies of lignins, degraded lignins, polysac charides and fulvic acids [6, 7] , we have been able to obtain more detailed information about the chemical composition of the pyrolysis products from different soil organic matter fractions.
EXPERIMENTAL

Soil sample
The soil sample used was obtained from the A, horizon of a brown soil (Typic Xerochrept) in the northern part of the province of Huelva, Spain. The altitude was 480 m and the vegetation consisted of an uncultivated prairie with gramineous plants, Medicago and Trifolium. The sample taken represented a depth of 0-10 cm and had a pH of 5.6 in water, a carbon content of 3.5% and a nitrogen content of 0.4%. The applied fractionation procedure for soil organic matter is described elsewhere [1] . For the reader's convenience we have included Fig. 1 , which indicates the different fractions studies and the procedural pathways by which they were obtained. Table 1 shows the elementary composition of the isolated soil organic matter frac tions on a dry and ash-free basis [1] .
Pyrolysis-gas chromatography-mass spectrometry
The samples were suspended in methanol. One droplet of the suspension (10-20 fig of sample) was applied to a ferromagnetic wire with a Curie temperature of 510°C. The temperature rise time was about 0.15 s and the wire was held at the end temperature for 10 s.
. The Py-GC-MS analyses were carried out using a pyrolysis unit similar to that described by Meuzelaar et al. [8] modified for use at high tempera tures [9] . The pyrolysis products were separated on a capillary glass WCOT column (28 m X 0.5 mm I.D.) coated with CP-Sil 5 (1.25 fim film thickness) held at 0°C for 5 min and subsequently programmed to 300°C at a rate of 5°C/min. Helium was used as the carrier gas at a rate of 1.6 ml/min. The chromatograph (Varian Model 3200) was coupled to a Varian-MAT 44 quadrupole mass spectrometer operated in the electron impact (El) mode at 80 eV and with a cycle time of 2 s.
RESULTS AND DISCUSSION
Pyrolysis products were identified by comparing their El mass spectra with mass spectral libraries [10, 11] and with mass spectra and GC retention times of standard compounds. Subsequently, Py-GC-MS data obtained. Fig. 3 . Pyrolysis-gas chromatography-mass spectrometry of humic acid and hymatomelanic acid. Peak identifications are given in Table 2 . Underlined numbers indicate minor contributions to the peak. Fig . 4 . Pyrolysis-gas chromatography-mass spectrometry of fulvic acid fractions. Peak identifications are given in Table 2 . Underlined numbers indicate minor contribution to the peak. for well defined polymers such as amylose [12] , chitin [13] , proteins and peptides [14] and lignins [6] allowed a detailed recognition of typical pyrolysis products. The reconstructed ion chromatograms of the pyrolysis mixtures obtained from the soil organic matter fractions are shown in Figs. 2-4 . The peak numbers in these figures correspond with the numbers mentioned in Table 2 . Owing to the vast number of identified compounds in each pyrolysate (e.g., 175 in the hymatomelanic acid fraction), it was not possible to label all peaks in the chromatograms; therefore, only major peaks are indicated in the figures.
Most of the major compounds are well known pyrolysis products of biologically produced substances (polysaccharides, lignins, peptides, lipids, etc.). A number of compounds clearly indicate the presence of pollutants.
Polysaccharides
The compounds listed in Table 2 labelled Ps are pyrolysis products which are thought to be characteristic for polysaccharides. These products have been identified in the pyrolysates of cellulose, amylose and soil polysaccharide [7, 12, 15] . The abundant presence of anhydrosugars, pyranones and furans in the soil polysaccharide fraction indicates that this fraction consists almost entirely of hardly or non-biodegraded polysaccharides probably originating from residual plant polysaccharides and newly made microbial polysaccharides.
Compounds 185 and 203 have been tentatively identified as "levogalactosan" and "levomannosan". This identification is based on their mass spec tral data (identical mass spectra when compared with levoglucosan), on the well known occurrence of galactose and mannose moieties in soil polysac charides [16] and on the absence of these compounds in the pyrolysates of polyglucoses such as cellulose an amylose.
Compounds 116 (3-hydroxy-6-methyl-3,4-dihydro-2H-pyran-2-one) has been reported previously by Saiz-Jimenez and De Leeuw [7] in the pyrolysate of a soil polysaccharide. This compound is the same as that reported by Van The distribution pattern of the polysaccharide pyrolysis products en countered in the humin and humic acid fractions is similar to that observed in the soil polysaccharide fraction. In the fulvic acid B fraction the furans and to some extent the pyranones and levoglucosenone are clearly present. However, the anhydrosugars are hardly or not present. This might indicate that in this fraction there are monosaccharide moieties present in structures other than polysaccharides. A phenolic glycoside structure has been pro posed for this fraction [17] .
In the pyrolysis of carbohydrates, acidic conditions catalyse the formation of furans, in close analogy with the dehydration reactions of carbohydrates under aqueous acidic conditions, while alkaline conditions catalyse the breakdown of the sugar molecule to carbonyl compounds through reverse aldol condensation mechanisms [12] . In the absence of additives (as in this work), both types of reactions take place, but the ratio of furans to carbonyl compounds suggests slightly acidic conditions during pyrolysis. Because all fractions were obtained in the acidic form [1] and suspended in methanol to coat the ferromagnetic wires, it is understandable that the pyrolysis will preferentially produce furans over carbonyl compounds.
Cyclopentenones (compounds 79 and 82) have been reported in pyro lysates of soil organic matter [7, 18] . Bracewell et al. [18] considered cyclo pentenones as major pyrolysis products of aliphatic polycarboxylic acids and polymaleic acid and suggested that aliphatic polycarboxylic acids are im portant components in soil organic matter. This suggestion is not supported by previous pyrolysis data [7] . Further, cyclopentenones have been identified as pyrolysis products from amylose [12] and are well known burned sugar aroma components [19] .
Several pyrolysis products present in the polysaccharide and humin frac tions (compounds 72, 125, 138, 164, 173, 184, 212, 215, 225, 235 and 239) have been found in pyrolysates of chitin [13] . It can be speculated that the chitin contribution in soil organic matter is mainly derived from fungi.
Lipids
It is very likely that a major part of the lipids encountered in the pyrolysates (peaks labelled Lp) are mainly the result of evaporation and are not generated from polymeric frameworks by pyrolysis. The lipid compo nents are predominantly present in the hymatomelanic acid fraction ob tained after ethanol extraction of the humic acid fraction. This also indicates that the lipids are mainly freely occurring components, which are easily extractable as such.
Aliphatic hydrocarbons have been detected in almost every plant, animal and microorganism examined, and therefore obvious sources of soil hydro carbons are plant and animal residues and the soil microbial populations. However, it is improbable that animal residues contribute much directly to soil hydrocarbons. The series of M-alkanes and n-alkenes ranging from C 2 to C 23 are encountered in a number of soil organic matter fractions and possibly originate from cuticle materials [20] and microbial populations [21] .
Acyclic isoprenoid hydrocarbons such as prist-1-ene, prist-2-ene and phytadiene were identified in the humic acid, hymatomelanic acid and humin fractions. The phytyl side-chain of chlorophyll a is believed to be the source of phytadienes [22] . Recently, it has been reported that tocopherols are likely sources of pristenes, as both flash pyrolysis and thermal degrada tion of a-tocopherol yield prist-1-ene as a major pyrolysis product [23] .
Morrison [24] has reported that many substances of a lipid nature, particularly of plant origin, are likely to be present in soils. Such substances would include tocopherols and porphyrins from higher plants and may accumulate as resistant remnants of plant residues undergoing humification. Further, Wagner and Muzorewa [25] considered that lipids extracted from soil organic matter may also be of microbial origin. Microbially synthesized products of a lipid nature in soil may become incorporated into soil humus without undergoing major degradative modifications.
The methyl esters encountered are thought to be procedural artifacts formed from the free fatty acids during the preparation of the pyrolysis samples using methanol as the suspension liquid.
Although the saturated and unsaturated straight-chain fatty acids are the main components in soil organic matter fractions, they are not very char acteristic as almost any organism contains these fatty acids. The relatively abundant presence of iso-, anteiso-and 10-methyl fatty acids with chain lengths ranging from C ]4 to C 20 are highly characteristic for a microbial input of fungi and bacteria [26, 27] . The a,co-diacids might also be the result of bacterial degradation, although an origin from higher plant waxes cannot be ruled out [28] .
There can be little doubt that steroids and terpenoids of various types occur in soils, but in spite of the abundance and variety of terpenoids in plants, there are only a few reports of their presence in soils [29] . Three compounds (312, 313 and 314) were tentatively identified as terpenoid hydrocarbons, based on their mass spectral fragmentation pattern (m/z 95, 109, 123, 149, 163, 191, 203, 207) [30] . These compounds (more detailed structures are as yet unknown) occur only in the humin and hymatomelanic acid fractions.
Lignins
The compounds listed in Table 2 labelled Lg are well known and char acteristic pyrolysis products of lignins and degraded lignins [6] . The com pounds identified show that they are contributions from grasses, higher plants and/or trees, as all three types of lignin building blocks (/?-coumaryl, coniferyl and syringyl derivatives) are present.
Obviously, lignin is present in all fractions; however, in the soil polysaccharide and the hymatomelanic acid fractions the lignin contribution is minor. Substantial amounts of lignins are present in the humic acid, the humin and the fulvic acid fractions. The distribution of the lignin pyrolysis products indicates that the lignins are partly biodegraded, as the relative amounts of C 3 -alkyl components are low and as carbonyl and carboxy) functional groups are clearly present [6] .
Proteins and pept ides
A number of pyrolysis products are of a protein origin and are labelled Pr in Table 2 . Among them are the so-called "amino acid dimers", originating from valine, leucine and isoleucine pairs. This type of characteristic pyrolysis product, the structures of which are not yet completely known, are also encountered as major components in the pyrolysates of polyamino acids [14] . The peptides are present mainly in the humin and the humic acid fractions, indicating that the relatively high percentage of nitrogen as measured in these fractions (Table 1) originates from peptides.
Miscellaneous
A number of components present cannot be ascribed to well defined biopolymers, because they are not known as pyrolysis products of the studied biopolymers or they are not pyrolysis products at all. Sulphur dioxide might originate from sulphonated materials (e.g., sulphonated polysaccharides). The sulphur content of different soil polysaccharide fractions ranges between 4 and 10% [31] . Occasionally, sulphur-con taining compounds such as thiophenes and thiophenols have been identified in humic acid and fulvic acid fractions, respectively.
Chlorine compounds (hydrochloric acid and chloromethane) probably arise from the hydrochloric acid employed in the fractionation and purifica tion procedures. At present, no explanation can be given for the presence of iodomethane and 1,4-dioxane.
Among the pyrolysis products some compounds considered as pollutants were identified. Dialkyl phthalates were the most prominent, especially in fulvic acid fractions. The origin of the pollutants may be diverse [32] and they interact with the soil organic matter fractions, either in the soil or during the extraction and fractionation procedures.
Nature of the soil organic matter fractions
Having discussed the origin of the pyrolysis product, it is now convenient to survey the main groups of compounds identified in each soil organic fraction.
Soil polysaccharide
The fraction obtained by the Polyclar filtration, called soil polysaccharide, consists almost entirely of polysaccharides. The major pyrolysis products encountered are well known and specific pyrolysis products of polysac charides. Trace amounts of lignin pyrolysis products and fatty acids are also present.
Humin
The pyrolysate of this fraction consisted of a complex mixture. The main series of pyrolysis products encountered originate from polysaccharides and lignins. Lipids are significantly present, including alkanes, alkenes, fatty acids, terpenoids and pristenes. The presence of peptides is also evident. Pollutants are minor products.
Humic acid
The major pyrolysis compounds encountered are lignin derivatives. Poly saccharide products are also clearly present, whilst peptide pyrolysis prod ucts are less prominent. Lipids are minor components.
Hymatomelanic acid
This fraction consists almost entirely of lipids including alkanes, alkenes, acyclic isoprenoid hydrocarbons, fatty acids and aliphatic dicarboxylic acids. Lignin pyrolysis products are minor compounds.
Fulvic acid (Polyclar)
The initially retained fraction during the Polyclar filtration, called fulvic acid, contains mainly two series of pyrolysis products. Most abundant are the lignin pyrolysis products. A series of pyrolysis products originating from polysaccharides are also clearly present. Fatty acids and dialkyl phthalates are encountered in minor amounts.
Fulvic acid B (charcoal)
This fraction shows two main series of pyrolysis products originating from lignins and/or polyphenols and carbohydrates. Dialkyl phthalates are pre sent, in addition to minor amounts of fatty acids.
Fulvic acid D (charcoal)
Major products in the pyrolysate of this fraction are dialkyl phthalates and pyridine. Lignin and carbohydrate pyrolysis products are less important than in the other fulvic acid fractions. CONCLUSIONS 1. In the A, horizon of the studied Typic Xerochrept soil about 10% of the total organic matter is present as carbohydrate in the soil polysaccharide fraction [1] . In addition, various amounts of polysaccharide moieties are present in the humic fractions.
2. The structures of the pyrolysis products encountered in the humic acid fraction are also observed in more or less pure lignin preparations and in polysaccharides. Hence, there is no need to assume that the pyrolysable part of the humic acid fraction consists of a condensed lignin-polysaccharide structure; a simple mixture of these two biopolymeric substances can explain the results satisfactorily.
3. As already pointed out for the humic acid fraction, the pyrolysis data for the other humic fractions also indicate that there is no direct need to assume that humic substances are generated by condensation reactions of lipids^ carbohydrates, amino acids, etc. On the contrary, mixtures of more or less biodegraded biopolymers and originally present low-molecular-weight compounds explain the pyrolysis data very well.
4. The chemical contents of the studied humic fractions are probably determined by the solubility of the individual components (e.g., polyphenolic substances such as lignins dissolve in base, but precipitate on acidification; most polysaccharides remain in aqueous solution; lipids do not dissolve in water but do so in ethanol; lipoproteins, glycolipids, glycoproteins, etc. [33] will end up in almost any fraction).
5. Our results indicate that hymatomelanic acid, a term introduced by Hoppe-Seyler in 1889, cannot be considered as a humic fraction, as it consists almost entirely of lipid compounds extractable from the humic acid fraction. Probably extraction of the intact soil with toluene-methanol, for example, prior to fractionation would considerably reduce or completely eliminate the hymatomelanic acid fraction.
6. It is clear from the results obtained from the different fulvic acid fractions that the chemical composition of these fractions is a consequence of the fractionation procedure followed. These data are in agreement with previous observations [34] .
7. Finally, the Py-GC-MS technique as applied in this study is a powerful method for chemically characterizing considerable amounts of soil organic matter.
